In the development of lithium-air batteries, to understand how the porous structure of the cathode affects the performance of the battery system is important because the main electrochemical reaction which occurs in this system is the deposition of Li2O2 in the pores of the cathode. To clarify the relationship between the porous structure of the cathode and the performance of the battery system, we used carbon gels with different pore size distributions as model cathodes and investigated how their pores are filled during discharging by analyzing the structure of cathodes discharged to different depths through N2 adsorption experiments. The dominant deposit formed during discharging was identified to be Li2O2 by X-ray diffraction. Interestingly, the ratio of the volume of the Li2O2 deposited in fully discharged cathodes to the meso-macropore volume of the cathode was in the range of 0.5-0.6 and was fairly constant among the samples. Such ratios are higher than those of microporous carbon cathodes such as activated carbon cathodes. These results suggest that increasing the meso-macro pore volume of the cathode is effective to obtain large capacities in lithium-air batteries.
Abstract
In the development of lithium-air batteries, to understand how the porous structure of the cathode affects the performance of the battery system is important because the main electrochemical reaction which occurs in this system is the deposition of Li2O2 in the pores of the cathode. To clarify the relationship between the porous structure of the cathode and the performance of the battery system, we used carbon gels with different pore size distributions as model cathodes and investigated how their pores are filled during discharging by analyzing the structure of cathodes discharged to different depths through N2 adsorption experiments. The dominant deposit formed during discharging was identified to be Li2O2 by X-ray diffraction. Interestingly, the ratio of the Introduction Lithium-air batteries have drawn a lot of attention as they are expected to become a promising secondary battery system for electric automobiles due to its high theoretical energy density (11680 Wh/(kg-Li)), which is close to that of gasoline (13000 Wh/kg) (1) .
This battery system uses oxygen and metal lithium for the cathode active material and the anode active material, respectively. For the electrolyte, organic electrolytes, ionic liquid electrolytes or polymer electrolytes can be used (2) (3) (4) (5) . Presently, organic electrolytes such as tetra (ethylene) glycol dimethyl ether (TEGDME) are typically used (3) (6) (7) (8) (9) . A remarkable advantage of the lithium-air battery system is that the cathode active material (i.e. O2) can be taken into the battery cell from air so there is no need for it to be stored in the battery cell. Due to this advantage, the weight and volume of lithium-air batteries can be reduced, which leads to a high energy density.
Lithium-air batteries using organic electrolytes are operated through the reactions shown in (1), (2) .
Cathode: 2Li + + O2 + 2e -↔ Li2O2
(1)
Solid Li2O2 deposits on the surface of the cathode during discharging and it decomposes to Li + and O2 during charging. The cathode needs to have a large surface area and void space to accommodate Li2O2. Thus, porous materials are selected for the cathode and needless to say their structure significantly affects the performance of the battery.
In the past few years, some researchers have studied how the porous structure of the cathode affects the performance of lithium-air batteries (10) (11) (12) . Although the surface area for Li2O2 deposition during discharging was expected to govern discharge capacities, the BET surface area of the cathode was found not to strongly affect discharge capacities in a previous report (10) . On the discharge at a high areal current density of 1 mA/cm 2 in a battery system using propylene carbonate as the electrolyte, discharge capacity linearly increases with the increase in average pore diameter rather than the increase in the total surface area of the cathode (12) . BET surface area strongly depends on the degree of development of micropores whose diameter is below 2 nm and these pores are thought to be too small for efficient Li2O2 deposition. Thus, pores wider than micropores are needed for efficient deposition. How mesopores affect capacity was investigated using mesocellular carbon foams and it was found that the capacity of lithium-air batteries can be significantly increased by adjusting the mesoporous structure of the carbon (11) . Mesopores are also thought to be useful to increase the accessibility of O2 and Li + to the carbon surface (13) . Thus, proper controlling of the mesoporous structure in the cathode is thought to be the key factor for improvement of the performance of lithium-air batteries and the appropriate mesoporous structure needs to be clarified. In addition to the porous structure of the original carbon materials, the porous structure after cathode preparation is also important because binders affect the porous structure and the performance of lithium-air batteries (14) .
To investigate how the porous structure of the cathode affects the performance of lithium-air batteries, carbon materials with tunable porous structure are useful. One example of such carbons is a carbon gel, which has a network structure composed of carbon nanoparticles and also has mesopores with fairly uniform pore size in its structure (15, 16) . Carbon gels can be obtained through the carbonization of resorcinol-formaldehyde (RF) gels (15) (16) (17) . The size of the mesopores of carbon gels can be easily controlled by adjusting preparation conditions. Due to this unique feature, carbon gels can be used as a model material to clarify the appropriate porous structure for cathodes of lithium-air batteries.
Some researchers have already studied the influence of porous structures using carbon gels as the cathode of lithium-air batteries. For example, Mirzaeian et al.
reported that discharge capacities can be determined from the surface area, pore size and pore volume of the cathode (13) . Especially, mesopores in carbons can be used for efficient deposition during discharge and therefore the mesopore volume significantly affects discharge capacity (18, 19) . In addition, it has been reported that the efficiency of Li2O2 deposition within mesoporous carbon gels is higher than that of microporous activated carbons (19) . In these reports, pores in carbon gels were controlled only in the range of mesopores (2-50 nm) and influences of pores wider than mesopores were not surveyed even though the size of the pores of carbon gels can also be controlled in the range of small macropores. In addition, the structure of discharged carbon-gel cathodes was not characterized in detail and how the porous structure changes during discharging remains unclear.
In this study, we investigated how the porous structure of the cathode affects the capacity of lithium-air batteries by using carbon-gel cathodes which pore sizes were varied in a wide range. Deposits in the carbon-gel cathodes were identified by X-ray diffractometry and X-ray photoelectron microscopy, and the changes in porous structure during discharging were characterized by N2 adsorption experiments. 
Synthesis of carbon gels
Carbon gels were synthesized according to the literature (20) . Typically, R, C and F were mixed into distilled water (W). R/F and R/W were set to 0.5 mol/mol and 0.5 g/mL respectively. R/C was varied between 50 and 1500 to control the porous structure of carbon gels. The mixture was kept at 303 K until it transformed to a gel and then kept at 333 K for three days. Then, the gel was immersed into 2-methyl-2-propanol at 323 K for three days to exchange the water in it to this alcohol. In this process, 2-methyl-2-propanol was refreshed twice a day. Then the gel was dried at 393K in air for three days. The dried gel was carbonized in a quartz tube with an inner diameter of 20.8 mm at 1273 K under a 100 mL/min N2 flow. In this process, the tube was heated to 523 K at a ramp rate of 3.75 K/min and kept at 523 K for two hours, then heated to 1273
K at a ramp rate of 4.17 K/min and kept at 1273 K for four hours. After cooling to room temperature, the carbon gel was collected. The obtained carbon gel was labeled by the R/C value it was synthesized at.
Fabrication of carbon cathodes
The resulting carbon gel was milled at 600 rpm for 10 minutes by a planetary ball mill (FRITSCH, premium line p-7) using balls and a vessel made of agate. The resulting powdery carbon gel was mixed with a 12% solution of PVDF in 1-methyl-2-pyrrolidone at a weight ratio of 19/1 (carbon gel / PVDF) for three minutes using a mixer (Thinky, AR-100). The mixture was coated on a carbon paper at a thickness of 50 µm. The coated carbon paper was dried at 388 K under vacuum for 15 hours and then circles with a diameter of 16 mm were punched out from it using a punching tool. The amount of the carbon gel loaded on the circles was in the range of 2.1-4.6 mg/cm 2 .
Electrochemical measurements can be supplied to the cells. In the Swagelok-type cell, O2 was supplied through a stainless mesh. The separator was a glass filter (GF/A, Whatman) and the electrolyte was a solution of CF3SO3Li in TEGDME (TEGDME: CF3SO3Li = 4:1, molar ratio).
The cells were placed in an air-tight box ( Figure 2 ) into which oxygen was supplied at 10 mL/min. They were discharged and charged in the range of 2.0-4.4 V at a current density of 50 mA/(g-carbon gel) after 10-hours rest in an oxygen atmosphere.
Discharged Swagelok-type cells were disassembled in a glove box filled with argon and the cathodes were taken out. After the cathodes were soaked in TEGDME for 12 hours to remove CF3SO3Li, they were washed with tetrahydrofuran to remove TEGDME. Then, the cathodes were dried at room temperature in a glove box.
Characterization
The porous structure was characterized by nitrogen adsorption experiments conducted at 77 K using an adsorption apparatus (BELSORP mini or BELSORP max, Microtrac Bel). Prior to adsorption experiments, carbon-gel powders were dried at 523 K under a N2 flow for four hours and carbon-gel cathodes were cut into strips and dried at 423 K under vacuum. Specific surface areas of the samples were calculated from
Brunauer-Emmett-Teller (BET) plots and pore volumes were calculated from N2
uptakes. Pore size distributions were calculated using the Dollimore-Heal (DH) method.
Deposits in carbon-gel cathodes after discharging were identified by X-ray diffractometry (XRD, Ultima IV, Rigaku) and X-ray photoelectron spectroscopy (XPS, JPS-9200, JEOL). For XRD measurements, samples were fixed on a Si sample holder with a cover to prevent air exposure (see Figure S1 in the supporting information) and measured at 40 kV and 20 mA using CuKα radiation. In XPS measurements, samples were set on indium foils and measured using MgKα radiation. To minimize air exposure, the samples were put in a sealed box and transferred from the glove box and was set in the XPS apparatus just before measurements.
Results
Porous structures of carbon gels prior to and after cathode preparation were characterized by N2 adsorption experiments. As-prepared powdery carbon gels originally have micropore volumes in the range of 0.25-0.33 cm 3 /g (Table I ), but these volumes decrease to 0.02-0.12 cm 3 /g after cathode preparation. While it was reported that the binder affected the porous structure of the cathode (14) , the decreases should be caused not only by the binder because the amount of the binder used in this study is only 5wt%, which can be converted to 0.03 (cm 3 -binder)/(g-carbon) using the density of the binder (1.78 g/cm 3 ). This decrease in micropore volume may be because NMP, which is used as the solvent of the binder for preparing the cathodes, fills or clogs the inlets of the micropores in the carbon gels. Microporosity in carbon-gel cathodes can be recovered at 573 K ( Figure S2 ) but this temperature is higher than the melting point (447 K) of the PVDF binder. As mentioned above, it has been reported that micropores in the cathodes hardly contribute to the capacity of lithium-air batteries because they are too small to incorporate Li2O2. Thus, although they affect microporosity, PVDF binder and NMP can be used to prepare cathodes for battery tests. respectively. In all samples, N2 uptake significantly increased at P/P0 >0.6, which means that the samples have developed mesopores and/or macropores. From the pore size distributions derived from the isotherms, it can be confirmed that the pore sizes of mesopores or macropores increase with the increase in the R/C value, which is a well-known character of carbon gels (21) . Although the mesopore volumes and meso-macro pore volumes varied with the R/C value, they didn't significantly change after cathode preparation. Thus, it can be concluded that pore volumes of carbon-gel cathodes can also be controlled by varying the R/C value that the carbon gels are synthesized at. reported studies (13, 18, 19, 22) . The specific capacity first increases with the increase in the R/C value of the carbon gel used for cathode preparation, and after R/C reaches 500, it starts to decrease. This trend suggests that the specific capacity is affected not only by the size of pores in the cathode but also by other factors such as the volume of such pores.
The deposits in a discharged cathode were identified by XRD and XPS. In the lithium-air battery system, the formation of various byproducts during discharging were reported (2, (23) (24) (25) (26) (27) (28) . Because byproducts are generally generated through the decomposition of salts and solvents of the electrolyte, the electrolyte largely affects the species of the generated byproducts. In this study, CF3SO3Li and TEGDME were respectively used as the salt and the solvent. This electrolyte has been reported to have a high stability (3, 27, 28) , but the generation of some byproducts from it, such as Li2CO3, LiOH, carboxylate and LiF have been reported (27, 29) . Among them, Li2CO3 and LiOH have been mainly reported as the byproducts in various electrolytes (23) (24) (25) (26) (27) (28) although they can also reversibly charge and discharge in some cases (30, 31) . Figure 5 shows XRD patterns of a typical carbon-gel cathode (R/C1000) measured prior to and after discharging for 20 hours. The cathode contains carbon gel, carbon paper and PVDF.
Peaks at 43.0º and 54.5º of the cathode prior to discharging are identified as the (10) and (004) reflections of carbon, respectively, originating from the carbon paper ( Figure S3 ).
Crystalline Li2O2 clearly forms on the cathode during discharging. In previous reports, Li2CO3 and LiOH are deposited as crystalline byproducts, which can be confirmed by XRD measurements as peaks at 38.1º and 32.5º, respectively (23) (24) (25) . While XPS analysis suggests the presence of them (see the supporting information), corresponding peaks are not observed in the XRD pattern in Figure 5b . This indicates that the amount of the major byproducts is much smaller than that of Li2O2. Therefore, it can be regarded that the major byproduct, Li2CO3 and LiOH, and other crystalline byproducts hardly deposit in the cathodes during discharging and the dominant deposit in this system is Li2O2.
To investigate how pores are filled with deposits during discharging, cathodes discharged to different depths were prepared and their porous structure was characterized through N2 adsorption experiments. Figure 6 shows N2 isotherms and pore size distributions of R/C200, 500, 1000 cathodes discharged to different depths. In this investigation, carbon-gel cathodes were discharged for 10 hours or to a predetermined end voltage (2.0 V). Carbon gels were coated on the carbon paper at a thickness of 50 µm, which value is much smaller than the reported deposition depth (32) .
Therefore, the deviation of the deposit distribution in the cathode does not need to be considered in this study. In the case of the R/C200 cathode, the N2 uptake amount of the cathode after discharging for 10 hours in the range P/P0=0.20-0.96 significantly decreased, which means that mesopores are filled with deposits. The N2 uptake amounts of the cathode after discharging to 2.0 V in the same P/P0 range further decreased, suggesting pores are further filled with deposits. While the mesopore volume of the cathode decreased with the increase in the depth of discharging, the volume of pores with a radius in the range of 25-100 nm, which corresponds to the volume of voids naturally formed between carbon gel particles, also decreased. This suggests that such voids are also used for Li2O2 deposition. In the R/C500 and R/C1000 cathodes, while the N2 uptake amounts of the cathodes after discharging for 10 hours in the range of P/P0>0.90 decreased, those in the range of P/P0<0.90 increased. In addition, the peak position of the pore size distributions shifted to the left when the depth of discharging was increased. These results indicate that larger pores are filled by Li2O2 and get narrower. After discharging to 2.0 V, all of the carbon-gel cathodes still have pores in a similar extent, suggesting that the pores in the cathode cannot be completely used for Li2O2 deposition. To investigate the appropriate porous structure for Li2O2 deposition, it is necessary to know how efficiently pores with different sizes can contribute to Li2O2
deposition. This will be discussed in the next section.
Discussions
Assuming that the deposit formed during discharging is only Li2O2 and that deposition occurs uniformly on the inner surface of a carbon gel, the thickness of the deposit (dLi2O2) in the cathodes was calculated from the discharge capacity, the density of Li2O2 and the BET surface area of the cathode (Table II) . As shown in Table II, dLi2O2 increases when the R/C value of the carbon gel in the cathode is increased from 200 to 500, and the dLi2O2 of cathodes prepared using R/C500-1500 carbon gel are roughly the same. Viswanathan et al. reported that the calculated dLi2O2 of a Li2O2 layer formed on a flat surface of a glassy carbon at a current density of 1 µA/cm 2 is 4-5 nm (33) . Because this value is close to that of the cathodes made using R/C500-1500 carbon gels, the surface of pores in these cathodes are thought to be sufficiently used for deposition during discharging. dLi2O2 of R/C200 is smaller than those of R/C500-1500, suggesting that most of the micropores in R/C200 are too small to accommodate Li2O2 crystals or are too small for the reactants to efficiently diffuse into them to effectively utilize their whole volume. Thus, micropores are thought not to be effective pores for Li2O2 deposition.
Next, how the structure of mesopores and macropores of the cathode affects discharge capacity is investigated. Since the discharge capacity increases with the increase in the meso-macro pore volume of the cathode, the ratios of deposited Li2O2 volume to pore volume of the cathode samples are compared ( Figure 7 ). As shown in Figure 7 , the deposited Li2O2 volume to mesopore volume ratios (VLi2O2/Vmeso) vary, and some of them are higher than 1. This means that deposition occurs not only in mesopores but also in macropores. On the other hand, the deposited Li2O2 volume to meso-macro (VLi2O2/Vmeso-macro) and total pore volume (VLi2O2/Vtotal) ratios are roughly constant. The total pore volume means the summation of the volumes of micropores, mesopores and macropores, but the volumes of micropores which exist in the carbon-gel cathodes are extremely small as mentioned above. Thereby, the total pore volumes are almost the same as the meso-macro pore volumes. The almost constant and fairly high VLi2O2/Vmeso-macro values indicate that the meso-macro pore volume of the cathode significantly affects the discharge capacity. Thus, in order to show a large discharge capacity the cathodes of lithium-air batteries need a large volume of meso-macro pores. Table III shows the VLi2O2/Vtotal values of carbon materials studied in previous reports.
In Table III , the VLi2O2/Vtotal values of carbon blacks, carbon nanotubes and graphene nanosheets are higher than 1, which may be because in these materials their outer surface is mainly used for Li2O2 deposition and due to the flexibility of the structure of their aggregates the volumes of the voids formed in their aggregations cannot be accurately evaluated by N2 adsorption experiments. Thus, these materials cannot be compared with carbons with a rigid structure, like carbon gels. In Table III 
Conclusion
Carbon gels with various pore size distributions were prepared and how the structure of cathodes for lithium-air batteries affects discharge capacity was investigated using cathodes prepared from them. While most of the micropores in the cathode disappeared in the process of cathode preparation, the structure of mesopores hardly changed. The surface of meso-macro porous carbon-gel cathodes is sufficiently used for Li2O2 deposition like a flat surface of a glassy carbon. Discharge capacities significantly depended on the meso-macro pore volumes of the cathodes. Therefore, the ratios of deposited Li2O2 to meso-macro pore volume of carbon gels prepared in this work are constant (around 0.5-0.6), and higher than those of microporous carbons. From these results, it can be concluded that Li2O2 mostly deposits within both mesopores and macropores and can hardly deposit in micropores. Since the meso-macro pore volume strongly affects the discharge capacity, porous carbons having large meso-macro pore volumes are suitable for cathodes to obtain lithium-air batteries with large capacities. 
